Haploinsufficiency for CHD7, an ATP-dependent nucleosome remodeling factor, is the leading cause of CHARGE syndrome. While congenital heart defects (CHDs) are major clinical features of CHARGE syndrome, affecting >75% of patients, it remains unclear whether CHD7 can directly regulate cardiogenic genes in embryos. Our complementary yeast two-hybrid and biochemical assays reveal that CHD7 is a novel interaction partner of canonical BMP signaling pathway nuclear mediators, SMAD1/5/8, in the embryonic heart. Moreover, CHD7 associates in a BMP-dependent manner with the enhancers of a critical cardiac transcription factor, Nkx2.5, that contain functional SMAD1-binding elements. Both the active epigenetic signature of Nkx2.5 regulatory elements and its proper expression in cardiomyocytes require CHD7. Finally, inactivation of Chd7 in mice impairs multiple BMP signaling-regulated cardiogenic processes. Our results thus support the model that CHD7 is recruited by SMAD1/5/8 to the enhancers of BMP-targeted cardiogenic genes to epigenetically regulate their expression. Impaired BMP activities in embryonic hearts may thus have a major contribution to CHDs in CHARGE syndrome.
INTRODUCTION
CHARGE (Coloboma of the eye, Heart defects, Atresia of the choanae, severe Retardation of growth/development, Genital abnormalities and Ear abnormalities) is a complex genetic disorder with an incidence of 1/10 000 (1 -5) . Congenital heart defects (CHDs) affect .75% of CHARGE patients and are the major cause of early morbidity. Tetralogy of Fallot, doubleoutlet-right-ventricle, patent ductus arteriosus, chamber septation abnormalities and cleft atrioventricular (AV) valves are the most commonly observed CHDs in CHARGE (1 -5) .
Haploinsufficiency for the chromodomain helicase DNAbinding 7 (CHD7) gene is the leading cause of CHARGE (6) , accounting for 70% of all cases (2) . CHD7 encodes a 2997-amino acid (aa) protein containing two chromodomains (aa 799-864), an ATPase/helicase domain (aa 964 -1165), a helicase C-terminal domain (aa 1320 -1404), a SLIDE domain (aa 1540 -1848), a SANT domain (aa 1962-2028) and two BRK domains (aa 2564-2613). CHD7 is highly conserved among vertebrates, with mCHD7 being 95% identical and 97% similar to hCHD7 (7) . As predicted from sequence analysis, CHD7 is capable of remodeling nucleosomes using energy from ATP hydrolysis (8) . CHD7 can interact with histone H3 methylated at lysine 4 (H3K4me) through its chromodomains and is highly enriched in a subset of active enhancer elements with high levels of H3K4me (9, 10) . As CHD7 does not contain any known sequence-specific DNA-binding domain, a key question to address is how this chromatin remodeling factor is targeted to specific enhancers. Chd7 homozygous mutant mice die at E10.5, whereas heterozygosity for Chd7 leads to multiple CHARGE-like phenotypes, including cardiovascular abnormalities (7, 11) . CHD7 can regulate neurogenesis (12) (13) (14) , neural crest cell activation (15, 16) , middle and inner ear development (17) (18) (19) and great vessel morphogenesis (20) . However, it remains unclear whether CHD7 can directly regulate cardiogenic genes in embryos.
BMP signaling plays complex roles during heart development (21) . BMP signals are transduced through heterodimeric complexes of serine/threonine kinase receptors. The ligand/receptor complex at cell membranes phosphorylates intracellular BMP-activated SMADs (R-SMADs), SMAD1/5/8, which then associate with SMAD4 and translocate into the nucleus to regulate transcription of target genes (22) . Our current study shows that CHD7 interacts with BMP R-SMADs to modulate the expression of critical cardiogenic transcription factors, such as Nkx2. 5 . The complex epigenetic regulatory mechanisms of heart development have only started to be revealed and have received a great deal of attention recently (23, 24) . We provide convincing evidence supporting CHD7 as a critical epigenetic regulator of cardiogenesis.
RESULTS

Identification of CHD7 as a novel SMAD1 interaction partner
We screened an embryonic mouse heart yeast two-hybrid library (25) using Smad1 as bait and obtained two identical clones of Chd7 (Fig. 1A) . The two clones aligned with bp7230 -8266 of Chd7 mRNA, which encodes aa 2301 -2646 of mCHD7 (corresponding to aa 2312 -2657 of hCHD7). Direct interaction between the C-terminal region of mCHD7 and SMAD1 was revealed by in vitro GST pull-down assays (Fig. 1B) , and their interaction in mammalian cells was shown with mammalian cell GST pull-down assays (Supplementary Material, Fig. S1 ). An interaction between full-length CHD7 and HA-tagged SMAD1 was confirmed with co-immunoprecipitation (co-IP) experiments in COS cells (Fig. 1C ). SMAD1 interacts with CHD7 through its MH2 domain (Fig. 1C) . The CHD7 -SMAD1 interaction was only detectable when a plasmid encoding constitutively active ALK6 was co-transfected, indicating that active BMP signaling is required for their interaction. We confirmed the interaction between endogenous CHD7 and SMAD1 with co-IP experiments in NkL-TAg immortal cardiomyocytes (26) and in mouse embryonic hearts ( Fig. 1D and E) . CHD7 also interacts with the other two BMP R-SMADs, SMAD5 and SMAD8 (Supplementary Material, Fig. S2 ). We (B) The C-terminal region of CHD7 that was in vitro-translated and labeled with 35 S-Met was incubated with bacterial-expressed GST or GST-SMAD1. 35 S-labeled CHD7 was co-purified with GST-SMAD1 but not with GST alone (top panel). Bottom panel shows Coomassie blue staining of SDS-PAGE gel. Arrows indicate the GST and GST-SMAD1 bands. (C) COS cells were transfected with plasmids encoding HA-SMAD1, HA-MH1, HA-Linker or HA-MH2. IP was performed using a CHD7 antibody. In this experiment, we took advantage of the fact that COS cells endogenously express CHD7. After IP, western analysis was performed using an HA antibody to test whether the HA-tagged protein was co-purified with CHD7 (bottom panels). Western analysis using a CHD7 antibody showed successful IP of CHD7 (top panels). Pre-immune IgG was used as a negative control. (D) To test whether endogenous SMAD1 and CHD7 interact with each other, NkL-TAg cell extracts were used for IP assay with a CHD7 antibody. A SMAD1 antibody was used to detect SMAD1 by western analysis. NkL-TAg cells were treated with 100 ng/ml of BMP4 for 4 h before co-IP. Western analysis using an anti-p-SMAD1 antibody confirmed that CHD7 interacts with active SMAD1. (E) Co-IP analysis was performed using E13.5 embryonic heart protein extracts and a CHD7 antibody. SMAD1 was co-immunoprecipitated with CHD7. Pre-immune IgG was used as a negative control. therefore concluded that CHD7 is a novel interaction partner of BMP R-SMADs in embryonic hearts.
CHD7 binds to enhancer regions of Nkx2.5 in a BMP-dependent manner Nkx2.5 is a well-studied critical cardiogenic transcription factor whose cardiac expression is directly regulated by BMP R-SMADs (27) (28) (29) (30) . The immortal NkL-TAg cardiomyocyte cell line can respond to BMP stimulation to upregulate NKX2.5 expression (Supplementary Material, Fig. S3 ) and was thus used as the in vitro cell culture system to address the functional significance of the SMAD1 -CHD7 interaction. We tested whether CHD7 is associated with Nkx2.5 enhancers by chromatin immunoprecipitation (ChIP) followed by quantitative PCR (qPCR) in NkL-TAg cells (26) . We examined the G/ S enhancer (28) and the AR2 enhancer (27, 29) , both of which contain functional BMP R-SMAD-binding sites. We also examined the partial AR1 enhancer that contains GATA-binding sites (31) . CHD7 was associated with G/S and AR2 enhancers, and the association was significantly increased upon BMP stimulation ( Fig. 2A-C ). The association with the partial AR1 enhancer was not altered by exogenous BMP4, consistent with the absence of SMAD-binding sites within this region. Treatment of cells with a BMP-specific blocker, DMH1 (32) , inhibited the effect of BMP stimulation on CHD7 association with the two enhancers (Fig. 2D) . Furthermore, ectopic overexpression of the SMAD1 MH2 domain significantly reduced BMPinduced CHD7 interaction with the Nkx2.5 enhancers (Fig. 2E) . The MH2 domain of SMAD1 can interact with CHD7 but lacks the DNA-binding domain and therefore is expected to act in a dominant-negative manner to interfere with CHD7's interaction with DNA.
Chd7 regulates expression of Nkx2.5 in NkL-TAg cells
We next determined the role of Chd7 on the expression of NKX2.5 in NkL-TAg cardiomyocytes. Knocking-down CHD7 expression using a published short-hairpin RNA (shRNA) construct (15) abolished BMP4-stimulated upregulation of NKX2.5 (Fig. 3A) . Similar results were obtained using another shRNA construct. Therefore, Chd7 is required for BMP-induced upregulation of NKX2.5 in the cardiomyocyte cell line. We next tested whether the chromodomains and ATPase/helicase domain are required for CHD7 to promote the expression of NKX2.5. The genomic DNA fragment harboring G/S and AR2 Figure 2 . CHD7 interacts with Nkx2.5 enhancers in a BMP-dependent fashion. (A-C) ChIP-qPCR analysis was performed on NkL-TAg cells treated with 100 ng/ml of BMP4 using a CHD7 antibody. The association of CHD7 with the partial AR1 genomic DNA was not altered (A), whereas the association with G/S (B) and AR2 (C) was significantly increased by BMP4 treatment. The Y-axis represents percentage of co-immunoprecipitated DNA over input. (D) Treatment of NkL-TAg cells with a BMP-specific inhibitor, DMH1 (8 uM), inhibited BMP4-enhanced CHD7 association with G/S and AR2 enhancers. The co-immunoprecipitated DNA from cells without BMP4 and DMH1 treatment was set at 100%. (E) NkL-TAg cells harboring a plasmid expressing the MH2 domain of SMAD1 or an empty vector (negative control) were treated with BMP4 followed by ChIP-qPCR using a CHD7 antibody. The co-immunoprecipitated DNA from cells harboring the vector and without BMP stimulation was set at 100%. Data were averaged from 3 to 5 independent experiments and were presented as mean + standard error (SEM). # represents P , 0.01, student t-test. enhancers of Nkx2.5 was fused with a SV40 minimum promoter and cloned into the pREP4-luc reporter vector. pREP4-luc is an Epstein -Barr virus-based episomal vector that undergoes chromatinization after transfection into mammalian cells and is thus particularly suitable for studying epigenetic regulation of enhancers (16, 33) . Overexpression of full-length CHD7 significantly increased the reporter activity upon BMP4 stimulation ( Fig. 3B and C) . Remarkably, ectopic expression of CHD7 lacking either of the chromodomains or the ATPase/helicase domain reduced the reporter activity. These truncated proteins presumably act in a dominant-negative fashion, preventing endogenous wild-type CHD7 from interacting with BMP R-SMADs and binding the Nkx2.5 enhancers. Our data suggest that CHD7's histone-binding and nucleosome-remodeling activities are required to promote Nkx2.5 expression.
Inactivation of Chd7 leads to multiple embryonic heart defects
To reveal the in vivo role of Chd7 during cardiogenesis, we purchased the Chd7 tm1a(EUCOMM)Wtsi mice from IKMC. In this allele, a cassette containing an mRNA splice acceptor site, a lacZ reporter and a neomycin selection marker is inserted between exons 2 and 3 of Chd7. This cassette is predicted to stop transcription/translation after exon 2 of Chd7 mRNA. The transcript will only generate a truncated CHD7 protein lacking any known functional domain, and thus this allele is expected to be null (or strong hypomorphic). Chd7 tm1a/+ mice were viable and some displayed head-bobbing and circling, a phenotype consistent with other Chd7 mutant mouse models (7, 11) . embryos, confirming the specificity of the antibody and the absence of CHD7 in homozygous mutants (Fig. 4B) . No apparent gross abnormality was observed in mutants at E9.5. At E10.5, all mutant embryos (living) displayed a growth arrest/delayed development defect (Fig. 4C) . No living mutants were recovered after E10.5, consistent with a previous report (11) . Histological studies showed no apparent myocardial defect in mutants at E9.5 ( Fig. 4D and E) ; however, the number of AV cushion mesenchymal cells was reduced at this stage ( Fig. 4D-E ′ ). At E10.5, the mutant hearts displayed hypocellular myocardial wall and hypocellular AV cushion defects ( Fig. 4F and G) .
To alleviate the concern that the observed cardiac defects are because of general growth delay, we only used living embryos at E10.0 ( 29-34 somites) for further cellular/molecular examination. At this stage, the gross growth delay was not apparent in mutants. Maintaining normal cell proliferation and survival are key roles of BMP signaling in embryonic hearts (34, 35) . At E10.0, we observed both significantly increased cell death and reduced cell proliferation in the myocardium of mutants ( Fig. 4H-M) , indicating that Chd7 is required for cardiomyocyte proliferation and survival.
Chd7 is required for AV cushion mesenchymal formation BMP signaling is critical for mesenchymalization of AV cushions, [e.g. (36, 37) ], which are precursors of AV valves and AV septum. The hypocellular AV cushion defect was apparent at (15) or a scramble shRNA. Cells were treated with 50 ng/ml of BMP4 followed by western analysis using antibodies against CHD7 and NKX2.5. Experiments were repeated three times. (B) NkL-TAg cells were transfected with a plasmid expressing an HA-tagged form of CHD7 or an empty vector. Forty-eight hours after transfection, western analysis was performed using an anti-HA antibody. Tubulin was used as a loading control. 'del chromo 1', 'del chromo 2' and 'del ATPase' refer to 'deletion of Chromodomain 1', 'deletion of Chromodomain 2' and 'deletion of ATPase/helicase domain', respectively. This experiment confirmed the expression of the transfected CHD7 constructs in NkL-TAg cells. Owing to the large size of the proteins (full-length CHD7: 336 kDa; del chromo 1: 335 kDa; del chromo 2: 335 kDa; del ATPase: 318 kDa), only subtle differences in band positions were observed. All constructs were sequenced to confirm that no mutation was introduced during subcloning. (C) The genomic DNA fragment harboring G/S and AR2 enhancers of Nkx2.5 was fused with a SV40 minimum promoter and cloned into the pREP4-luc reporter vector (an Epstein-Barr virus-based episomal vector that undergoes chromatinization after transfection into mammalian cells). The reporter construct was co-transfected with an empty vector or with a plasmid expressing full-length or a deletion construct of CHD7 into NkL-TAg cells, followed by BMP4 (100 ng/ml) or BSA (negative control) treatment for 48 h. Luciferase activity was then measured. The activity of cells transfected with empty vector and treated with BSA was arbitrarily set at 1.0. Data were averaged from three independent experiments with each experiment being performed in triplicate. Error bars represent SEM. # represents P , 0.01, Student's t-test. Fig. 4D-E ′ ). We next performed ex vivo collagen gel analysis to quantitatively examine how inactivation of Chd7 affects cushion mesenchymal formation. As shown in Figure 5 , the number of mesenchymal cells formed on mutant AV explants (E9.5) was reduced to ,30% of the control level. The identity of the mesenchymal cells on the gel was confirmed with immunofluorescence (IF) studies using an antibody against a-smooth muscle actin (SMA), which is a commonly used cushion mesenchymal cell marker, [e.g. (38) ]. Therefore, inactivation of Chd7 impairs multiple BMP-dependent cardiogenic processes, including myocardial cell proliferation and survival and AV cushion mesenchyme formation.
E9.5 (
Expression of BMP-targeted genes was down-regulated in mutant hearts
We next focused on examining the molecular defects in Chd7 mutant hearts. No altered expression of NFATc1 (an endocardial marker) or cTNT (a myocardial marker) was observed in mutants ( Fig. 6A-D) , suggesting that the general differentiation program of endocardial/ myocardial cells is not halted by inactivation of Chd7. The expression of known BMP-targeted, cardiogenic genes, including Nkx2.5, Gata4 and Tbx20, was visibly reduced in mutant sections (E10.0) (Fig. 6E -J) . Reduced expression of these genes was confirmed with western analysis (Fig. 6K) . Interestingly, the expression of ID2, MYCN and SMAD7, which are also BMP targets in developing hearts (35,39 -41) , was not altered in mutant hearts. These results suggest that CHD7 selectively regulates BMP target genes in mouse embryonic hearts.
Chd7 is required for maintaining active epigenetic state of Nkx2.5 regulatory elements
We next tested whether the CHD7 interaction with Nkx2.5 enhancers relies on BMP signaling in embryonic hearts, as observed in NkL-TAg cells. Treatment of cultured embryonic hearts (E11.5) with DMH1 significantly decreased CHD7 association with G/S and AR2 enhancers (Fig. 7A) , suggesting that BMP activity is essential for CHD7 interaction with Nkx2.5 enhancers in vivo. As an ATP-dependent nucleosome remodeling factor, we speculate that CHD7 modulates the epigenetic status of the regulatory elements of target genes. To test this idea, we performed ChIP-qPCR analyses to examine chromatin modifications in enhancers and the transcription start site (TSS) of Nkx2.5 in mutant embryos. Association of the Nkx2.5 enhancers and TSS with H3K4me2 and H3K4me3, respectively, was significantly reduced in mutant embryos (Fig. 7B and C) . H3K4me2 is a marker for an open and active enhancer and H3K4me3 marks active transcription (42, 43) . We further showed that BMP4 stimulation significantly increased association of the G/S and AR2 enhancers with H3K4me2 (Fig. 7D) . Our data therefore suggest that CHD7 is required for maintaining Nkx2.5 enhancers (G/S, AR2) and TSS in an active epigenetic state.
DISCUSSION
CHARGE syndrome is associated with multiple forms of CHDs (1 -5) , yet the underlying molecular mechanisms remain unknown. We reveal for the first time that CHD7 interacts with BMP R-SMADs to epigenetically regulate the expression of BMP-targeted, critical cardiogenic transcription factors in mouse embryos. Specifically, we show that Nkx2.5 is a direct downstream target of CHD7 in embryonic hearts. Considering the well-documented complexity of BMP signaling during cardiogenesis (21), we speculate that impaired BMP activity is a key contributing factor of CHDs in CHARGE patients. In addition to CHDs, CHARGE syndrome is characterized by abnormal development of multiple organs known to be regulated by BMP signaling, including eyes, ears and choanae. Therefore, the interaction between CHD7 and BMP R-SMADs likely also has roles in other clinical features of CHARGE.
CHD7 interacts with H3K4me through its chromodomain, and whole-genome studies revealed that CHD7 preferentially binds the H3K4 methylated enhancer regions (9,10). However, H3K4 methylation cannot be the sole determinant for the position of CHD7 along the chromatin, as CHD7 is only associated with a small subset of H3K4me-enriched enhancers. Based on our studies showing the novel SMAD1/5/8 -CHD7 interaction and the association of CHD7 with Nkx2.5 enhancers, we 
(C, D) Wild-type AV explants (C) and mutant explants (D) were immunostained with an anti-SMA antibody (a cushion mesenchyme marker, green). Total nuclei were stained with DAPI (red). Dotted lines indicate the origin of the explants. (E)
The number of mesenchymal cells formed was quantified and plotted. Data were averaged from at least seven independent explants for each genotype and were shown as mean + SEM. mut-mutant, Chd7 tm1a/tm1a , wt-wild type, Chd7 +/+ , # represents P , 0.01, student t-test.
propose that CHD7 is recruited to BMP-responsive enhancers by its interaction with SMAD1/5/8 through its C-terminal region (see model in Fig. 8 ). In addition, CHD7 also interacts with methylated histones through its N-terminal chromodomains. The combined interaction through both its N-terminal and C-terminal domains allow CHD7 to be loaded onto specific enhancers along chromosomes. In the case of Nkx2.5, CHD7 is required for sustaining the methylation of H3K4 at the G/S, AR2 and TSS to promote Nkx2.5 expression. As suggested from our reporter analysis, histone-binding and nucleosomeremodeling activities are required for CHD7 to promote Nkx2.5 expression. Moreover, whole-genome analysis revealed that CHD7 co-localizes with SMAD1 along chromosomes in ES cells to regulate gene expression (10) . Therefore, our model may also be applied to other cell types. Inactivation of Chd7 impaired multiple BMP-dependent cardiogenic processes, including cardiomyocyte proliferation and survival and AV cushion mesenchymalization. The thin myocardial wall defect is expected to reduce cardiac contractility and is likely the major cause for embryonic lethality of mutants. The hypocellular AV cushion defect in mutants is unlikely secondary to the myocardial abnormalities, as no apparent myocardial wall defect was observed at E9.5 when the AV cushion defect was already apparent. The results from the collagen gel assay further support the direct role of Chd7 in AV cushion development. In this ex vivo explant assay, AV cushions were isolated and put on the gel. Formation of cushion mesenchymal cells on the collagen gel is thus relatively independent from other developmental processes of an embryo. At the molecular level, the expression of GATA4 and TBX20, two regulatory targets of BMP signaling important for AV cushion development, was reduced in mutant AV cushion cells. We conclude that Chd7 promotes the expression of BMP target genes in AV cushions to support normal valvuloseptal development. Significantly, abnormalities in the AV canal region are frequently observed in CHARGE patients (1,2,4). Our findings on the role of Chd7 during early stages of valvuloseptal development provide clues on the molecular etiology of these forms of CHDs in CHARGE. Single mutations of BMP R-Smads do not cause obvious cardiac defects in mice (44) (45) (46) , likely due to their redundant functions. However, conditional inactivation of the R-SMAD co-activator, Smad4, resulted in similar cardiac phenotypes to those observed in Chd7 mutants. Myocardial inactivation of Smad4 caused a thin myocardial wall defect (35) and endothelial inactivation caused hypocellular AV cushions (47, 48) . These data further support our conclusion that reduced BMP/SMAD activities contribute to the heart defects in Chd7 mutants.
It is noteworthy that not all BMP activities were disrupted in Chd7 mutant hearts. Initiation of trabeculation, which relies on Bmp10 (49), appeared normal in Chd7 mutants. This result suggests that Chd7 does not act as a general BMP signaling modifier, but rather, can selectively regulate BMP activities during cardiogenesis. Supporting this idea, the expression of some BMP target genes is not changed in Chd7 mutant hearts. For example, Chd7 inactivation has no effect on the expression of Mycn, which acts downstream of BMP signaling to promote trabeculation (50) . For the genes whose expression does not rely on Chd7, it is possible that their enhancers recruit other ATPdependent nucleosome remodeling factors, which compensate for the loss of Chd7. How CHD7 is differentially required for the normal expression of BMP target genes warrants further investigation.
In summary, we reveal that CHD7 interacts with BMP R-SMADs to epigenetically regulate the expression of BMP target genes such as Nkx2.5 in mouse embryonic hearts. Our results help understand how CHD7 regulates gene expression in a tissue-specific fashion and provide clues on the molecular mechanism for CHDs in CHARGE syndrome. Chd7 is required for maintaining the active epigenetic state of Nkx2.5 regulatory elements. (A) E11.5 embryonic hearts were cultured and treated with 8 uM DMH1 or DMSO alone for 4 h followed by ChIP-qPCR using a CHD7 antibody. The co-immunoprecipitated DNA from hearts without DMH1 treatment was set at 100%. Association of CHD7 with both the G/S and AR2 was significantly reduced by DMH1 treatment. (B, C) ChIP-qPCR analysis was performed on pooled wildtype and mutant embryos at E10.0 using the antibodies indicated. The co-immunoprecipitated DNA from wild-type embryos was set at 100%. (D) Wild-type embryonic hearts at E11.5 were treated with BMP4 (100 ng/ml) or BSA (negative control) for 4 h, followed by ChIP-qPCR analysis using an antibody against H3K4me2. The co-immunoprecipitated DNA from hearts treated with BSA was set at 100%. Data were averaged from at least three independent experiments and were presented as mean + SEM. mut-mutant, Chd7 tm1a/tm1a , wt-wild type, Chd7 +/+ , TSS-transcriptions start site, # represents P , 0.01, student t-test.
MATERIALS AND METHODS
Yeast two-hybrid screening
We used the MATCHMAKER Two-Hybrid System 3 (Clontech) to perform the yeast two-hybrid screening with detailed procedures previously described (51) . Briefly, the Smad1 bait construct was co-transformed into AH109 yeast cells with an embryonic heart two-hybrid library (25) . Cells were plated on selective medium lacking Trp, Leu, His and Ade. A positive interaction between the prey and bait allows yeast cells to grow. Candidate plasmids were purified and individually co-transformed with the Smad1 bait plasmid or empty bait vector into AH109 cells to re-test whether they could still grow on the selective medium. The candidates that only interacted with the Smad1 bait but not with the empty bait vector were sequenced. Two identical clones encoding aa 2301-2646 of mCHD7 were acquired.
Cell culture, short-hairpin RNA (shRNA) knock down and western analysis
The NkL-TAg cardiomyocyte cell line was kindly provided by Dr. Olson (UT Southwestern) and was cultured as previously described (26) . shRNA lentiviral constructs against Chd7 were kindly provided by Dr. Wysocka (Stanford University). These constructs can efficiently and specifically knock down the expression of CHD7 as shown from a previous study (15) . Lentivirus was packaged using the TRIPZ system purchased from Open Biosystems. NkL-TAg cells were transduced with the shRNA lentiviral constructs and selected with puromycin (5 ug/ml) for 14 days. A scramble shRNA construct was included as a negative control. For western analysis, proteins were extracted using 2× Laemmli buffer from cultured cells or embryos. The protein concentration was determined using the Dc Protein Assay kit purchased from BioRad. A total of 10-50 ug of protein was loaded onto SDS -PAGE gel, and western analysis was performed using the ECL kit from Millipore. Primary antibodies used in this study, and their concentrations in different applications are described later. Horseradish peroxidase-conjugated secondary antibodies (Invitrogen) were used to visualize the western signal.
Luciferase reporter analysis
The 3.2-kb genomic DNA fragment covering the G/S and AR2 enhancers of Nkx2.5 (bp5850 to bp2657 relative to the start codon) was PCR-amplified, fused with the SV40 minimum promoter and cloned into pREP4-luc (33) reporter vector (kindly provided by Dr. Zhao, NIH). pREP4-luc is an episomal reporter vector containing the Epstein -Barr virus replication origin (33) . After transient transfection into mammalian cells, the plasmid undergoes chromatinization and is particularly useful for studying epigenetic regulation of enhancers, [i.e. (16, 33) ]. The plasmid expressing full-length hCHD7 (with 3×HA tag at the N-terminal end) was purchased from GeneCopoeia. The cDNA fragments (bp2269 to bp3535 relative to the start codon) of hCHD7 with a deletion of Chromodomain 1, Chromodomain 2 or the ATPase/helicase domain were synthesized by IDT, digested with AarI and AfeI and swapped with the AarI -AfeI fragment of full-length CHD7 to acquire constructs expressing mutated forms of CHD7. All constructs were confirmed with sequencing analysis. The reporter construct was co-transfected with a plasmid expressing full-length or various deletion forms of CHD7 into NkL-TAg cells using the Neon Electroporation Transfection System (Invitrogen). Cells were treated with 100 ng/ml of BMP4 or BSA for 48 h followed by measurement of luciferase activity using the Luciferase Assay kit (Promega). A plasmid that constitutively expresses a lacZ Once located on the enhancer, CHD7 acts in concert with other epigenetic regulators to modulate transcription of cardiogenic transcription factors downstream of BMP signaling cascades, such as Nkx2.5. CHD7 is required for maintaining the active epigenetic state of both enhancers and the TSS of Nkx2.5. Histone-binding and nucleosome-remodeling activities are essential functions of CHD7 that enhance the expression of Nkx2.5, as suggested from our reporter analysis (Fig. 3) .
reporter was co-transfected for normalization of transfection efficiency. LacZ activity was measured using the Beta-Glo Assay System (Promega).
In vitro GST pull-down, mammalian cell GST pull-down and co-IP analysis
For the in vitro pull-down assay, the C-terminal region of mCHD7 (aa 2301 -2646) was labeled with [ 35 S]Met using the TNT-coupled transcription system (Promega) according to the manufacturer's protocol. GST or GST-SMAD1 proteins were purified using glutathione-conjugated agarose beads (Pharmacia) from BL21 bacterial following the manufacturer's instruction. Radio-labeled CHD7 was incubated with GST or GST-SMAD1 followed by extensive washing. Samples were heat-denatured and separated on SDS -PAGE gel. Gels were first stained with Coomassie blue to visualize GST and GST-SMAD1 proteins and then treated with Enhance (NEN) following the manufacturer's instructions. The treated gels were dried followed by auto-radiography. For mammalian cell GST pull-down, the DNA fragment from the prey construct encoding aa 2301-2646 of mCHD7 was cloned into pCMV-GST (52) to allow the expression of GST-CHD7 in mammalian cells. The empty GST vector or the GST-CHD7 plasmid was co-transfected with a plasmid expressing HA-SMAD1 into COS cells. The ALK6 (Q203D) construct encoding a constitutively active form of type I BMP receptor (kindly provided Dr. Attisano, University of Toronto) was co-transfected to activate the BMP intracellular signaling cascade. Cell lysates were subjected to GST-bead purification as described in the previous study (51) . Western analysis was then performed to detect HA-SMAD1, GST and GST-CHD7. For co-IP experiments in COS cells, constructs expressing various HA-tagged proteins were transfected into COS cells. IP was performed using a CHD7 antibody followed by western analysis to detect HA-tagged proteins and CHD7. For co-IP in NkL-TAg cells and embryonic hearts, cells (treated with 100 ng/ml of BMP4 for 2 h) or hearts were lysed and lysates were subjected to IP using an anti-CHD7 antibody followed by western analysis to detect SMAD1, pSMAD1 and CHD7.
Chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) analysis
ChIP analysis was performed using the ab500 ChIP kit (Abcam) following the manufacturer's protocol. Briefly, NkL-TAg cells or embryo tissues were lysed using the lysis buffer provided in the kit. Lysates were treated with 1.1-1.5% formaldehyde to cross-link proteins to DNA. Genomic DNA was sheared using Bioruptor XL sonicator (Diagenode) for 10 min at the M2 intensity level to acquire optimal DNA fragment size of 500 bp. Samples were then subjected to IP using various antibodies followed by DNA purification. Pre-immune IgG was used as a negative control for all experiments. DNA samples were analyzed by qPCR using Roche LightCycler480 Real Time PCR machine (UAB Heflin Genomic Core). The relative DNA amount was calculated using the DDCt method. Primer sequences for amplifying the G/S and AR2 enhancers were published previously (28) . These sequences are G/S forward (5 
Animals
This study conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication no. 85-23, revised 1996). All protocols were approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham. Chd7 tm1a(EUCOMM)Wtsi/+ mice were purchased from International Knockout Mouse Consortium (IKMC) (http://www. knockoutmouse.org/martsearch/project/35711). In this allele, a cassette containing an mRNA splice acceptor site, a lacZ reporter and a neomycin selection marker is inserted between exons 2 and 3 of Chd7. This cassette is predicted to stop transcription/translation after exon 2 of Chd7 mRNA. The transcript will only generate a truncated CHD7 protein lacking any known functional domain, and thus this allele is expected to be null. Mice were maintained on the 129S6 background as suggested by the supplier. Genotyping was performed following the protocol provided by the supplier. Three primers were mixed in a PCR. The three primers are: Chd7_5P_F: 5 ′ TGCAGATGG-GACGTTTTCAG; CAS_R1_Term: 5 ′ TCGTGGTATCGT-TATGCGCC; Chd7_5P_R: 5 ′ CTGCAAGAACACAGGG CAAG. A 411-bp and a 610-bp product are generated from the wild-type and the mutant allele, respectively. PCR products from the founder mouse (originally purchased from IKMC) were sequenced to verify their identity.
Lacz staining, IF studies and ex vivo explant culture LacZ staining on embryos or embryonic hearts was performed as described in the previous study (53) . IF studies were performed on embryo sections using various primary antibodies. An Alexa Fluor 488-conjugated secondary antibody (green, Invitrogen) was used to visualize the signal. Samples were counter-stained with DAPI to visualize total nuclei. Slides were examined and photographed using a fluorescence microscope (EVOS, from AMG). To gain better contrast between antibody staining and nuclei staining, the blue color of DAPI staining was manually switched to the red color in Photoshop 11 (Adobe) without altering the relative signal intensity. Ex vivo explant culture was performed as previously described (37, 47) . Briefly, the AV canal regions from E9.5 embryos were isolated under a dissection microscope and placed onto a type I collagen gel. After a 48-h incubation, mesenchymal cells form and migrate away from the explant sites. Mesenchymal cells can be identified by staining with SMA or by their fibroblast-like morphology.
Primary antibodies
The antibody against HA (HA.11, 1/1000 for western analysis) was purchased from Babco. The GST antibody (#27-4577,
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